Beckwith-Wiedemann syndrome Beckwith-Wiedemann syndrome (BWS) is a model disorder for the study of imprinting, growth dysregulation, and tumorigenesis. Unique observations in this disorder point to an important embryonic developmental window relevant to the observations of increased monozygotic twinning and an increased rate of epigenetic errors after subfertility/assisted reproduction.
INTRODUCTION
Beckwith-Wiedemann syndrome (BWS) is a pediatric overgrowth disorder involving a predisposition to tumor development. The clinical presentation is highly variable; some cases lack the hallmark features of exomphalos, macroglossia, and gigantism as originally described by Beckwith and Wiedemann. 1,2 BWS is a panethnic disorder with an estimated population incidence of 1 in 13 700. This figure is likely an underestimate as milder phenotypes may not be ascertained. The incidence is equal in males and females with the notable exception of monozygotic twins that show a dramatic excess of females. In addition to clinical heterogeneity, BWS also exhibits etiologic molecular heterogeneity. A variety of genetic and/or epigenetic alterations in growth regulatory genes on chromosome 11p15.5 are associated with specific phenotype-epigenotype/genotype correlations including different recurrence risks. BWS usually occurs sporadically (85%), but familial transmission occurs in B15% of cases.
CLINICAL OVERVIEW Individuals with BWS may grow at an increased rate during the latter half of pregnancy and in the first few years of life. Growth parameters typically show height and weight around the 97th percentile with head size closer to the 50th percentile. Adult heights are generally in the normal range. 3, 4 Abnormal growth may also manifest as hemihyperplasia and/or macroglossia; the latter can lead to difficulties in feeding, speech and less frequently, sleep apnea. A recognizable facial gestalt is common and may include prominent eyes with infraorbital creases, facial nevus flammeus, midfacial hypoplasia, macroglossia, full lower face with a prominent mandible, anterior earlobe creases and posterior helical pits 3 (Figure 1 ). The BWS facies often normalizes across childhood so that evaluation of adolescents or adults suspected to have BWS benefits from assessment of early childhood photographs. Development is usually normal unless there is chromosome 11p15.5 duplication or serious perinatal complications, including prematurity or uncontrolled hypoglycemia. Hypoglycemia is reported in 30-50% of babies with BWS, 3, 5 likely caused by islet cell hyperplasia and hyperinsulinemia.
Individuals with BWS have an increased frequency of malformations and medical complications, including abdominal wall defects (omphalocele, umbilical hernia, and diastasis recti); visceromegaly involving any single or combination of organs: liver, spleen, pancreas, kidneys, and adrenals. Fetal adrenocortical cytomegaly is a pathognomonic finding for BWS. Unilateral or bilateral renal anomalies may include primary malformations, renal medullary dysplasia, nephrocalcinosis, and nephrolithiasis. [6] [7] [8] Cardiac malformations are found in B20% of children with BWS; approximately half manifest cardiomegaly that resolves spontaneously. 3,9 Cardiomyopathy is rare.
Of major concern in children with BWS is the predisposition to embryonal malignancies. Most of the tumors associated with BWS occur in the first 8-10 years of life with very few being reported beyond this age; 10,11 most common are Wilms tumor and hepatoblastoma. Other embryonal tumors include rhabdomyosarcoma, adrenocortical carcinoma, and neuroblastoma. 3,10-14 A variety of other malignant and benign tumors have been reported. [12] [13] [14] The overall risk for tumor development in children with BWS has been estimated at 7.5% with a range of risk estimates between 4 and 21%. 3, [10] [11] [12] 13, [15] [16] [17] Clinical findings associated with higher risks of tumor development include hemihyperplasia, nephromegaly, and nephrogenic rests. 10, 18 Although different molecular subgroups have been shown to be associated with different tumor rates and tumor profiles, 19, [20] [21] [22] [23] [24] further clinical studies are needed to validate these data before implementing stratified surveillance protocols.
The BWS phenotype can, as noted above, vary significantly; for example, the diagnosis may be considered in a child presenting only with hemihyperplasia and nevus flammeus or possible ear creases, whereas the severe end of the spectrum may involve intrauterine, neonatal, or pediatric death. Death may be due to complications arising from hypoglycemia, prematurity, cardiomyopathy, macroglossia, or tumors. Potential causes for the variability in expression are discussed below.
DIFFERENTIAL DIAGNOSIS
The presentation of a newborn with large growth parameters, macroglossia, and/or hypoglycemia, should prompt a comprehensive clinical examination followed by relevant investigations, for example, for maternal diabetes mellitus. Several genetic syndromes have features in common with BWS but can be distinguished by clinical genetics consultation, ancillary tests (eg, brain imaging, molecular and/or biochemical testing) and ongoing follow-up. The differential diagnosis includes Simpson-Golabi-Behmel syndrome, Costello syndrome, Perlman syndrome, Sotos syndrome, and mucopolysaccaridosis type VI (Maroteaux-Lamy syndrome), as well as mosaicism for trisomy 8. For cases involving asymmetry as an isolated finding, it is important to determine whether the asymmetry represents overgrowth (hemihyperplasia) or decreased growth (hemihypoplasia) as the latter is not known to be associated with an increased risk for tumor development. Molecular testing may provide clarification. 25 
DIAGNOSTIC APPROACHES
Beckwith-Wiedemann syndrome is only one of several clinical conditions associated with epigenetic-genetic alterations on chromosome 11p15. This spectrum includes children with features of BWS who do not fulfill clinical diagnostic criteria, as well as children with isolated hemihyperplasia (IH) [26] [27] [28] [29] [30] or isolated Wilms tumor. 30 There are no absolute requisites for the clinical diagnosis of BWS. It is generally accepted that the presence of at least three major findings, or two major findings and one minor finding support a clinical diagnosis (Table 1) . However, it is important to acknowledge the heterogeneous expression of this disorder and the role of positive molecular tests that may confirm the diagnosis even in cases with few cardinal clinical features. In this regard, epigenetic alterations of chromosome 11p15 in the lymphocytes of children with isolated Wilms tumor have recently been reported. 30 Anticipatory medical management, especially with respect to tumor surveillance should be considered even for 'milder' presentations, for example, prominent tongue and umbilical hernia. As well, a proportion of cases of IH, a clinical diagnosis distinct from BWS, show molecular etiologies overlapping with BWS and parallel risks for embryonal tumor development. 27 Molecular testing may be helpful in confirming the diagnosis of BWS but cannot at this time, rule it out. This is because a negative test result may only reflect a failure to detect the underlying molecular alteration in the tissue sampled. It is well-known that somatic mosaicism accounts for some of the BWS-associated clinical variability (such as asymmetry). It is important not to base medical management on data such as methylation indices or percentage of uniparental disomy (UPD) in the tissue tested (eg, blood), as this may not reflect the frequency of abnormal cells in the organs at risk for tumor development (eg, kidney).
In the case of a clinical diagnosis of BWS, molecular determination of altered methylation, a microdeletion at imprinting center 1 (IC1) and/or IC2, or a mutation in CDKN1C would confirm the diagnosis. However, if an epigenetic alteration is detected in a child with IH, the diagnostic assignment should be based on the clinical presentation; that is, IH should not be reclassified as BWS on the basis of a positive molecular diagnosis. Of note, epigenetic alterations in 11p15 including somatic mosaicism for paternal UPD for 11p15 and methylation alterations at IC1 or IC2 have been reported in IH with or without embryonal tumors. [26] [27] [28] [29] MOLECULAR BASIS OF BWS Most mammalian autosomal genes are expressed from both the maternally and paternally inherited copies of a chromosome pair. However, some genes undergo genomic imprinting and are expressed monoallelically in a parent-of-origin-specific manner. Genomic imprinting is regulated by epigenetic mechanisms (extrinsic to changes in primary nucleotide sequence) that include DNA methylation, histone modification, and noncoding RNAs. ICs are regions of DNA that regulate the expression of imprinted genes in cis over large distances and show differential methylation of the parental alleles. Therefore, they are also termed differentially methylated regions (DMRs).
The regulation of imprinted genes on chromosome 11p15.5 is shown in Figure 2 . Deregulation of imprinted genes in the 11p15.5 imprinted region results in the BWS phenotype through a number of different mechanisms leading to either primary epigenetic alterations or genetic alterations that change the relative contributions of parental alleles. 24, 31, 32 These include parent-of-origin-specific duplications, translocations/inversions, microdeletions, DNA methylation changes at IC1 or IC2, UPD, and mutations at CDKN1C. UPD refers to the presence of two chromosomal regions from one parent and none from the other.
Sporadic loss of methylation at IC2 occurs in 50% of patients. 33 Gain-of-methylation defects occur at IC1 (5%); some of these methylation alterations have been associated with genomic alterations. [34] [35] [36] Methylation changes that occur in conjunction with genomic alterations are important because of their heritability. Epigenetic alterations that involve both IC1 and IC2 generally indicate paternal UPD (20% of cases) for a chromosomal segment including 11p15.5. 24, 33 Segmental UPD arises from a post-zygotic somatic recombination event and therefore has a mosaic distribution.
Methylation-sensitive multiplex ligation probe analysis (MS-MLPA) is currently the most robust method for detecting the majority of epigenetic and genetic etiologies associated with BWS. It detects microdeletions/microduplications, alterations in gene dosage, and DNA methylation including UPD. 37 Confirmation of UPD 11 may be undertaken by analysis of short tandem repeats as the somatic mosaicism associated with this etiology may lead to weak signals on MS-MLPA. Moreover, failure to detect UPD 11 in one tissue (usually leukocytes) is not conclusive. One should consider obtaining another tissue (such as skin), especially in the event of surgery. Karyotype analysis will detect the rare de novo and maternally transmitted translocations/inversions (1%) and paternally derived duplications (1%) of chromosome 11p15.5 associated with BWS. Translocation/ inversions almost always disrupt the gene, KCNQ1, 38 and are not usually detectable by MLPA because most do not show DNA copy number changes or DNA methylation changes. Finally, DNA sequencing is required to detect genomic alterations in CDKN1C associated 
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Figure 2 (a) Schematic representation of the chromosome 11p15.5 imprinted region that is functionally divided into two domains. In the distal domain 1 are two imprinted genes, H19 and insulin-like growth factor 2 (1GF2). IGF2 is a paternally expressed fetal growth factor and H19 is a noncoding RNA. The H19-associated imprinting center (IC1) is usually methylated on the paternal chromosome and unmethylated on the maternal chromosome. Normally, the H19 gene is expressed from the maternal allele and IGF2 from the paternal allele. Domain 2 contains several imprinted genes, including KCNQ1, KCNQ1OT1, and CDKN1C. A differentially methylated region (IC2) contains the promoter for KCNQ1OT1, a paternally expressed noncoding transcript that regulates in cis the expression of the maternally expressed imprinted genes in domain 2. Two examples of imprinting alterations leading to BeckwithWiedemann syndrome (BWS) are shown in (b1) and (b2). (b1) IC1 gain of methylation in BWS is found in B5% of patients and leads to biallelic expression of IGF2. (b2) Loss of methylation at the KvDMR differentially methylated region (IC2) is found in 50% of BWS patients. This epigenetic alteration leads to reduced expression of CDKN1C. Red corresponds to preferential maternal allelic expression, blue corresponds to preferential paternal allelic expression. Filled rectangles indicate expressed genes and empty rectangles indicate non-expressed gene. Lollipops correspond to methylated sites.
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R Weksberg et al with BWS. The CDKN1C (p57 kip2 ) mutations are seen both sporadically (5%) and in autosomal dominant pedigrees modified by preferential parent of origin-specific transmission (40%). 39 A rational clinical approach to test these varied defects on chromosome 11p15.5 is presented in Figure 3 . Current studies of BWS patient cohorts identify a chromosome 11p15 molecular alteration in only 75-80% of individuals. Therefore, other genomic loci are likely involved in the etiology of BWS. 40 Recent molecular studies have shown two genes, NALP2 on chromosome 19 41 and ZFP57 on chromosome 6 42 that can modulate imprinting at IC2.
Clinical findings relevant to molecular etiology Tumor development. Individuals with UPD of 11p15.5 or gain of methylation at the H19 IC carry the highest risk to develop Wilms tumor or hepatoblastoma. 19, [20] [21] [22] [23] [24] 30 Those with loss of maternal methylation at IC2 carry a lower tumor risk; as well, the tumors in this molecular subgroup do not include Wilms tumor. Lastly, individuals with mutations in CDKN1C seem to have the lowest risk with only a small number of cases reported. In cases with CDKN1C mutation, only neuroblastoma has been reported to date.
Hemihyperplasia in cases of BWS.
Alterations have included mosaicism for UPD 11p15.5 with hemihyperplasia and or molecular alterations at IC2 or IC1. 32, 43 Positive family history. This is associated with mutations in CDKN1C or microdeletions of IC1 and very rarely IC2. 32, 33, [35] [36] [37] 40, 44, 45 Omphalocele. This is associated with an IC2 defect or CDKN1C mutation. 32 Developmental delay. This is associated with cytogenetically detectable duplications involving the paternal copy of chromosome 11p15.5. 46, 47 A severe BWS phenotype. This seems to be associated, at least in certain cases, with very high levels of paternal chromosome 11p15. 48 An increased frequency of female monozygotic twins discordant for BWS has been reported. 49 These females usually show loss of methylation at IC2. In contrast, the less frequently observed male monozygotic twins show a broad spectrum of BWS-associated molecular alterations. 48 Subfertility/assisted reproductive technologies (ARTs). This seem to be associated with an increased risk of BWS cases with loss of methylation at IC2 (Figure 4) . 43, [50] [51] [52] No specific aspect of subfertility or its treatment has been specifically associated with the increased risk of epigenetic defects associated with BWS after ART.
MANAGEMENT TREATMENT AND CARE
The management of BWS patients typically involves standard supportive medical and surgical strategies (eg, surgical repair of omphalocele). In addition, anticipatory medical management for certain findings should be invoked if the diagnosis of BWS is established or even suspected. If there are prenatal findings suggestive of or diagnostic for BWS, 53 screening for hypoglycemia should be undertaken in the first few days of life. As well, parents should be advised of the typical clinical manifestations of hypoglycemia in the event that it manifests after discharge from hospital.
Tumor Figure 3 A clinical approach to testing for BWS.
Beckwith-Wiedemann syndrome R Weksberg et al different centers in terms of frequency and duration. 11, [54] [55] [56] Abdominal ultrasounds are used to assess kidneys, liver, pancreas, and adrenal glands; in many centers this is undertaken quarterly to the age of 8 years. 56 In the event that ultrasound imaging shows a suspicious finding, for example, a lesion possibly representing a hemangioma, computed tomography or magnetic resonance imaging would be indicated for better resolution. As well, baseline magnetic resonance imaging has been suggested 54, 57 to provide information for subsequent interpretation of imaging. Reports of large organs may not merit consultation with pediatric specialists as these are not infrequently found in BWS; however, other findings including renal cysts or nephrogenic rests should be carefully investigated by the appropriate specialists. Any concern on physical examination or imaging should be investigated immediately along with the consideration of referral, for example, pediatric oncology.
As part of tumor surveillance, alpha-fetoprotein (AFP) can be measured periodically to the age of 4 years for early detection of hepatoblastoma. Guidelines for the intervals between AFP assays vary between 2 and 3 months. 11, 31, 58 It should be noted that AFP levels tend to be increased in infants with BWS. 59 In the event of an increased AFP level, a repeat study should be undertaken in 4 weeks along with baseline liver function studies and correlation with abdominal imaging. If the AFP level is increasing, focused investigation for an underlying tumor should be undertaken in consultation with a pediatric oncologist. If the AFP is falling and imaging and liver function studies are normal, the AFP should be checked every 4-6 weeks until it falls to within the normal range. As the risk for neuroblastoma is small, specific surveillance including quarterly urine catecholamines and annual chest X-ray is not currently recommended but rather is left to the discretion of the responsible physician. 11 Tumor surveillance is recommended for the apparently unaffected monozygotic co-twin (determined by molecular testing) of a child with BWS even in the absence of any clinical stigmata or a negative molecular test result in the co-twin. This is primarily indicated because of possible somatic mosaicism in the normal cotwin or seeding of BWS positive cells in the normal co-twin secondary to common vascular anastomoses in utero.
Other medical issues, including hypoglycemia, abdominal wall defects, and renal abnormalities, are managed as in children without BWS involving specialists as appropriate. The onset of nephrocalcinosis or nephrolithiasis because of medullary sponge kidney may be delayed into adolescence and ongoing annual renal ultrasound surveillance into mid-adolescence is reasonable. Any concern about a cardiac abnormality should be investigated promptly and especially before any planned surgery. Cardiomyopathy is rare and was recently reported in conjunction with high levels of UPD in two cases of BWS. 48 With respect to growth, there is no treatment indicated for macrosomia as final growth parameters are usually within normal limits; however, growth parameters should be followed regularly. If hemihyperplasia is present and involves the legs and/or trunk, screening for scoliosis should be included in routine physical examinations. Ongoing follow-up by an orthopedic surgeon should be organized for leg-length discrepancies greater than 1-2 cm and epiphysiodesis of the longer leg may be considered at the appropriate time. In contrast to some overgrowth disorders involving a region of the body or a limb, the degree of hemihyperplasia typically does not dramatically change during childhood and parents often find this information reassuring. Macroglossia, if mild-to-moderate in presentation, may be accommodated within the oral cavity as the facial bone structures grow in infancy and early childhood. This is best assessed by a craniofacial team, including plastic surgeons, speech pathologists, and orthodontists. Macroglossia may pose difficulties for feeding and/or speech articulation and referral to feeding specialists and speech pathologists may be helpful. Surgical reduction and/or mandibular surgery may be considered if orthodontic and/or cosmetic issues are of concern. However, surgery typically does not impact the thickness of the tongue and residual cosmetic and/or speech issues may remain. 60 Consultation with respirologists and consideration of sleep studies may be indicated if there is concern regarding sleep apnea.
GENETIC COUNSELING
Genetic counseling regarding etiology and recurrence risks for BWS is most accurate if data from a complete diagnostic evaluation are available, including current molecular testing (that is, clinical findings, karyotype, MS-MLPA, and CDKN1C mutation analysis if indicated). Information regarding recurrence risks for some of the molecular subtypes remains theoretical rather than definitive as there are no confirmatory empiric data. This is especially relevant when providing genetic counseling for affected individuals with theoretically low Figure 4 Enrichment of epigenetic defects in Beckwith-Wiedemann (BWS). In the general population, loss of methylation (LOM) at KvDMR on chromosome 11p15.5 contributes to 50% of BWS cases, whereas in the BWS/ART population, LOM at KvDMR is found in B95% of cases. This represents a 1.9-fold enrichment of this epigenetic defect in the BWS/ART population.
recurrence risks, for example, with UPD, methylation alterations at IC2. Molecular testing is typically not indicated for parents or other family members when UPD is found, as these cases arise through post-zygotic somatic recombination. Parental studies are recommended if genomic alterations are found, that is, karyotype abnormalities, CDKN1C mutations or microduplications or microdeletions of the 11p15.5 region.
Molecular alterations that may be associated with high recurrence risks include: maternal transmission of 11p15.5 translocations 3 or CDKN1C mutations, 40 11p15.5 duplications of paternal origin, 46 and 11p15.5 microdeletions. 36 This is also true for positive family histories in the absence of an abnormal genetic test result. In such families, the recurrence risk is determined by the sex and potential carrier status of the transmitting parent. The recurrence risk for BWS in these cases may be as high as 50%. For CDKN1C mutations and for translocations or inversions involving chromosome 11p15.5, the recurrence risk would be 50% if the transmitting parent was the mother. 40 Molecular testing or chromosome analysis is indicated for both the parents and potentially other family members if either of these abnormalities are found in the proband. If the CDKN1C mutation is found in the father, a specific recurrence risk figure cannot be quoted; this risk is felt to be low but at least one case of paternal transmission has been reported in the literature. 44 As well, the recurrence risk for paternally derived duplications has not been specifically defined but is likely significant if the father carries a translocation. Familial transmissions involving microdeletions of IC1 and one case of IC2 have been reported and parental testing is indicated [35] [36] [37] (Figure 1 ). Gonadal mosaicism should be considered in the provision of recurrence risks when parents are not found to carry a transmissable microdeletion or mutation associated with BWS.
GENETIC TESTING STRATEGY Prenatal diagnosis
Some families may choose to pursue prenatal testing especially if they have had a child with severe manifestations of BWS. If a cytogenetic or genomic abnormality (eg, microdeletion, CDKN1C mutation) has been identified, prenatal testing may be indicated by CVS or amniocentesis; if such abnormalities are de novo, gonadal mosaicism remains a possibility. Epigenetic analysis of amniocytes can be undertaken by MS-MLPA. Families, for whom UPD or methylation alterations have been detected in the absence of a transmissible genomic alteration, may also wish to consider prenatal diagnostic testing even though the recurrence risk would be very low. Of note, a recent follow-up study of apparently isolated fetal omphalocele reported BWS in 20% of cases based on clinical or molecular findings. 53 In the absence of a known molecular defect, measurement of maternal serum AFP can be offered. As well, in all at risk pregnancies, prenatal screening can be offered including: nuchal translucency measurement between 10 and 14 weeks, detailed ultrasound at 18-20 weeks and again at 25-32-weeks gestation. Ultrasound should be directed at assessment of growth parameters that may become advanced for gestational age (usually after 24 weeks), abdominal wall defects, organomegaly, renal abnormalities, cleft palate, cardiac anomalies, and macroglossia.
CONCLUSION
Over the next few years, we expect that much progress will be made in research on BWS. In order to translate these data rapidly to the clinical arena, it will be important to periodically review the status of both clinical and molecular aspects of BWS. Clinical diagnosis, molecular testing, genetic counseling, and management will likely all be impacted. The available clinical data may improve as we develop better protocols for complete ascertainment of BWS cases and as the total number of cases studied continues to rise. Further, MS-MLPA and other testing modalities will more accurately reflect the total number of BWS cases with identified molecular lesions, although there will likely be new molecular etiologies identified for both familial and sporadic cases.
